The 2006 US spinach outbreak of Escherichia coli O157 : H7, characterized by unusually severe disease, has been attributed to a strain (TW14359) with enhanced pathogenic potential, including elevated virulence gene expression, robust adherence and the presence of novel virulence factors. This study proposes a mechanism for the unique virulence expression and adherence phenotype of this strain, and further expands the role for regulator RcsB in control of the E. coli locus of enterocyte effacement (LEE) pathogenicity island. Proteomic analysis of TW14359 revealed a virulence proteome consistent with previous transcriptome studies that included elevated levels of the LEE regulatory protein Ler and type III secretion system (T3SS) proteins, secreted T3SS effectors and Shiga toxin 2. Basal levels of the LEE activator and Rcs phosphorelay response regulator, RcsB, were increased in strain TW14359 relative to O157 : H7 strain Sakai. Deletion of rcsB eliminated inherent differences between these strains in ler expression, and in T3SS-dependent adherence. A reciprocating regulatory pathway involving RcsB and LEE-encoded activator GrlA was identified and predicted to co-ordinate LEE activation with repression of the flhDC flagellar regulator and motility. Overexpression of grlA was shown to increase RcsB levels, but did not alter expression from promoters driving rcsB transcription. Expression of rcsDB and RcsB was determined to increase in response to physiological levels of bicarbonate, and bicarbonate-dependent stimulation of the LEE was shown to be dependent on an intact Rcs system and ler activator grvA. The results of this study significantly broaden the role for RcsB in enterohaemorrhagic E. coli virulence regulation.
INTRODUCTION
Enterohaemorrhagic Escherichia coli (EHEC) O157 : H7 is a virulent human pathogen attributed to sporadic cases and large outbreaks of bloody diarrhoea (haemorrhagic colitis) (Rangel et al., 2005) . In 2006, an outbreak in the United States of O157 : H7 due to the consumption of tainted spinach was associated with unusually high rates of hospitalization and life-threatening sequelae (i.e. haemolytic uraemic syndrome) (Manning et al., 2008) . Phylogenetic analysis of over 500 clinical O157 : H7 isolates suggested that the strain which caused this outbreak, TW14359, belongs to a discrete genetic group referred to as clade 8, members of which are highly virulent (Manning et al., 2008) . Consistent with this hypothesis, DNA sequencing of this strain has revealed the presence of virulence factors that are absent in the reference genomes of sequenced O157 : H7 strains Sakai (1996 Japan) and EDL933 (1982 USA) (Kulasekara et al., 2009; Manning et al., 2008) . In addition, a virulence expression phenotype has been described for strain TW14359 characterized by increased basal transcription of locus of enterocyte effacement (LEE) genes, as well as Shiga toxin 2 genes (stx2AB) and Stx2 protein relative to other O157 : H7 strains (Abu-Ali et al., 2010a, b; Neupane et al., 2011) . Elevated basal LEE expression in TW14359 has further been correlated with increased adherence to bovine epithelial cells (Abu-Ali et al., 2010a) .
The LEE is a 35.6 kb pathogenicity island that encodes a type III secretion apparatus required for competitive colonization of the intestine and attaching/effacing lesion formation in EHEC and enteropathogenic E. coli (EPEC) McDaniel & Kaper, 1997; Perna et al., 1998) , and in the mouse pathogen Citrobacter rodentium (Schauer & Falkow, 1993) . Regulation of LEE expression has been intensively studied (Mellies et al., 2007; Tree et al., 2009) , but is still not fully understood. Four LEE-encoded proteins are currently known to control its expression: Ler (LEE-encoded regulator), Mcp (multiple point controller), GrlR (global regulator of LEE repressor) and GrlA (global regulator of LEE activator). ler is the first gene of the LEE1 operon, and is a master regulator of the LEE, activating transcription from all five LEE operons Sperandio et al., 1999) . Mcp, when overexpressed, downregulates LEE expression through interaction with Ler, and GrlA directly activates ler transcription (and thus the LEE), whereas GrlR represses ler transcription through interactions with GrlA (Creasey et al., 2003; Deng et al., 2004; Huang & Syu, 2008; Lio & Syu, 2004) . In addition, a myriad of non-LEE-encoded regulators modulate LEE expression through ler in response to environmental cues such as growth phase, bicarbonate and stress (Abe et al., , 2002 Bergholz et al., 2007b; Friedberg et al., 1999; Grant et al., 2003; Kenny et al., 1997; Shin et al., 2001; Sperandio et al., 1999; Tobe et al., 2005; Umanski et al., 2002) .
In this study, a role for RcsB, a response regulator of the Rcs phosphorelay system, in the virulence expression phenotype of strain TW14359 was examined. In particular, the importance of RcsB to enhanced LEE expression and adherence characteristic of this strain was investigated. In addition, the study sought to define the regulatory contribution of RcsB to bicarbonate-dependent activation of the LEE and LEE-dependent repression of motility.
METHODS
Bacterial strains and culture conditions. The strains and plasmids used in this study are listed in Table 1 . Strains were stocked at 280 uC in glycerol diluted (15 %, v/v, final concentration) in Luria broth (LB), and were maintained in LB or on LB with 1.5 % agar (LBA). Unless otherwise noted, overnight (18-20 h) cultures grown in LB were used to inoculate fresh LB or LB buffered with sodium bicarbonate (44 mM NaHCO 3 ) or fresh Dulbecco's modified Eagle's medium (DMEM) (4 g glucose l 21 , 4 mM glutamine, 44 mM NaHCO 3 , pH 7) to a final OD 600 of 0.05. Cultures were grown at 37 uC in a rotary shaker (200 r.p.m.) using a 1 : 10 media-to-flask volume. Growth of strains was monitored by taking OD 600 readings at 1 h intervals for 11 h (Fig. S1 , available in Microbiology Online). Antibiotics (Sigma-Aldrich) were added to cultures when required. For maximum expression from the P BAD promoter of pBAD22 (Guzman et al., 1995) , cultures were grown in DMEM containing Larabinose (0.5 %, w/v) and glycerol (0.4 %, v/v).
Genetic manipulations and chromosomal FLAG-fusion construction. Primers used for the genetic manipulation of strains TW14359 and Sakai are provided in Table S1 . Gene deletion and kanamycin (Kan) replacement mutants were constructed using the l Red recombinase-assisted approach (Datsenko & Wanner, 2000; Murphy & Campellone, 2003) and as described (Riordan et al., 2010) . To make a TW14359 grlA overexpression strain, an EcoRI/XbaIdigested 413 bp PCR fragment containing the promoterless grlA ORF was cloned into similarly digested pBAD22 (Guzman et al., 1995) to yield pRJM-15, which was then transformed by electroporation into TW14359 as described (Riordan et al., 2010) . For rcsB complementation, a BamHI/XhoI-digested 3424 bp PCR fragment, containing the rcsB ORF and native promoters, was cloned into similarly digested pACYC177 to yield pRJM20, which was then transformed into TW14359DrcsB. To construct FLAG fusions to rcsB and tir, the approach of Uzzau et al. (2001) was used. Primers FLAG-F and P2 used to amplify the FLAG epitope and Kan resistance cassette from pSU312 (Uzzau et al., 2001) were constructed with 40 bp oligonucleotide 59 extensions with homology to a 39 region of the target ORF and a downstream intergenic region, respectively. Homologous recombination of this product using l Red recombinase replaces the native stop codon with the FLAG sequence in-frame with the target ORF. When expressed, the fusion protein contains a 7 aa C-terminal epitope (FLAG) that can be detected by Western blots using anti-FLAG mAbs (Uzzau et al., 2001) . All genetic constructs were validated using a combination of PCR and restriction mapping, quantitative real-time PCR (qRT-PCR) and DNA sequencing (Eurofins MWG Operon). DNA was purified using the QIAquick PCR Purification kit (Qiagen).
Protein extraction, SDS-PAGE and Western blots. Protein extraction, purification and Western blots were performed as described previously (Mitra et al., 2012) . To extract and purify secreted proteins, mid-exponential phase (OD 600 of 0.5) cultures were centrifuged at 5000 g for 5 min and supernatants were passed through sterile 0.22 mm Millex-GV syringe filters (Millipore). Filtrates were precipitated overnight (18-20 h) in 15 % (v/v) trichloroacetic acid at 4 uC and then centrifuged at 15 000 g for 30 min at 4 uC. Protein pellets were washed twice with 100 % ice-cold acetone before resuspension in 1 M triethyl ammonium bicarbonate. The amount of protein loaded on SDS-PAGE gels for Western blots was measured using a Bradford protein assay standard curve, and equal loading was validated by Western blots for GroEL using anti-GroEL mAbs (BioRad). mAbs against FLAG (Sigma-Aldrich) were also used. Each experiment was repeated a minimum of three times in independent trials. Densitometry was used to estimate differences in protein levels for select experiments using a ChemiDoc XRS+ Imaging System and Image Lab 3.0 (Bio-Rad).
Proteomic analysis. Isobaric tag for relative and absolute quantification (iTRAQ)-based MS of strains TW14359 and Sakai followed a previously described protocol (Rivera et al., 2012) . DMEM cultures (n54 for cytosolic; n53 for secreted) of strains TW14359 and Sakai were grown to an OD 600 of 0.5 (2.5-3 h) before sampling for protein extraction (see above Methods). Peptide labelling with isobaric tags 114 and 116 (strain Sakai) and 115 and 117 (strain TW14359) for iTRAQ was performed using the iTRAQ TM Reagents 4-plex reaction kit (Applied Biosystems) following the manufacturer's instructions. Spectra data files (.RAW) were searched using Mascot Daemon ver. 2.3 against a Uniprot TW14359 protein database (http://www. uniprot.org/taxonomy/544404) downloaded on 18 April 2011, containing 10 510 total sequences (forward and reverse) using the Mascot search algorithm (Matrix Science). Data analysis for proteomics experiments followed a previously described procedure (Rivera et al., 2012) . Raw data files (.dat and .RAW) have been deposited in ProteomeXchange through the Proteomics Identification Database (PRIDE) (Vizcaíno et al., 2009 ) (accession no. PXD000023).
RNA purification and qRT-PCR. Primers for qRT-PCR are provided in Table S1 . RNA purification, cDNA synthesis, qRT-PCR cycling Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Wed, 24 Jul 2019 05:46:11 conditions and data analysis followed previously described protocols (Riordan et al., 2010) . For ler mRNA stability, cultures were growth to mid-exponential phase (OD 600 of 0.4) before addition of a subinhibitory concentration of the transcription inhibitor rifampicin (Rif; 300 mg ml 21 final concentration). Sampling for RNA extraction was performed immediately before addition of Rif, and at 4 min intervals thereafter for 12 min. qRT-PCR was performed using a Realplex2 Mastercycler (Eppendorf). Cycle threshold (C t ) data were normalized to rrsA (16S rRNA gene) and normalized cycle threshold values (DC t ) were transformed to arbitrary transcript expression levels using 2 -DCt /10 26 as described (Livak & Schmittgen, 2001; Riordan et al., 2010) . Expression levels were compared using the appropriate ttest or by Tukey's honestly significant difference (HSD) test following a significant F-test (n¢3, a50.05) (R. ver. 2.13.0).
Construction of lacZ transcriptional promoter fusions and bgalactosidase assays. Construction of lacZ reporter transcriptional fusions to the promoters of ler, rcsB, rcsD and flhD followed a previously described protocol using vector pRS551 (Simons et al., 1987) . For ler P905 -lacZ, a 904 bp BamHI/EcoRI-digested PCR fragment generated using primers ler-905/EcoRI and ler-1/BamHI was cloned into similarly digested pRS551 using T4 DNA ligase (Fisher Scientific) to produce pRJM-2. Similarly, rcsB, rcsD and flhD promoter fragments were cloned into pRS551 following BamHI/ EcoRI digestion using primers rcsB-1/BamHI and rcsB-1000/EcoRI (rcsB P1000 -lacZ), rcsD-501/EcoRI and rcsD-1/BamHI (rcsD P501 -lacZ), and flhD-1/BamHI and flhD-1000/EcoRI (flhD P1000 -lacZ). ler-, rcsB-, rcsD-, and flhD-lacZ transcriptional fusion plasmids were transformed into wild-type (WT) and derivative backgrounds of strains TW14359 and Sakai. All lacZ fusion constructs were confirmed by PCR and sequencing (Eurofins MWG Operon). b-Galactosidase activity (Miller units) was measured as previously described and compared between strains using a Student's t-test or by Tukey's HSD test following a significant F-test (n¢3, a50.05) (R) (Miller, 1972; Mitra et al., 2012) .
Adherence assays. Adherence to epithelial cells was determined following the method of Abe et al. (2002) . Briefly, human HT-29 (ATCC HTB-38) colonic epithelial cells were grown to confluence on polylysine-treated glass coverslips placed within the wells of 24-well culture plates at 37 uC with 5 % CO 2 . Overnight DMEM cultures were diluted 1 : 40 (v/v) in fresh DMEM and 0.05 ml of this dilution was used to inoculate each well, which already contained 0.45 ml sterile DMEM. Culture plates were then gently centrifuged (1000 g) for 5 min and incubated as above. After 3 h, plate wells were washed five times with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , pH 7) to remove non-adherent bacteria from the coverslips, and fresh DMEM was then added before incubating for an additional 3 h. Plate wells were subsequently washed three times in PBS, and then fixed with ice-cold (220 uC) 100 % methanol for 10 min before staining with Giemsa diluted in PBS (1 : 20, v/v) for 20 min. Giemsa stain was aspirated from the wells, and each stained coverslip was then examined at 10006 magnification by oil immersion bright-field microscopy using a binocular microscope (Fisher Scientific). Microcolonies, defined as a pattern of localized adherence (McKee & O'Brien, 1995; Nataro & Kaper, 1998) , were scored as discrete clusters of five or more bacterial cells as previously defined (Abe et al., 2002; Iyoda & Watanabe, 2004) . For each sample, a minimum of ten viewing frames were observed and the mean number of microcolonies was reported per 80 HT-29 cells. Microcolony counts were compared between strains by Tukey's HSD test following a significant F-test (n¢3, a50.05) (R).
Motility assays. Overnight LB cultures were diluted in fresh LB to an OD 600 of 0.5 and 2 ml samples were inoculated onto LB plates containing 0.25 % (w/v) agar following a previous method (Krin et al., 2010) . Plates were incubated upright for 5 h at 37 uC before the diameter of lateral growth on the agar surface was examined for each strain. Experiments were repeated in multiple trials using at least three biological replicates per trial.
RESULTS

LEE expression phenotype of strain TW14359
qRT-PCR of LEE transcript levels revealed the upregulation of LEE regulatory (ler, 3.8-fold), structural (espA, 2.3-fold), effector (tir, 2.7-fold) and effector chaperone (cesT, 2.3-fold) genes in TW14359 when compared with strains Sakai and EDL933 during exponential growth (OD 600 of 0.5) (P,0.05) (Fig. 1a) , consistent with studies of LEE expression in TW14359 grown in DMEM when cocultured with bovine mammary epithelial (MAC-T) cells (Abu-Ali et al., 2010a). Although expression of the LEE activator gene grlA was elevated 1.6-fold in TW14359, levels did not differ significantly when compared with Sakai and EDL933. Transcript levels for all LEE genes did not differ between Sakai and EDL933. The expression of LEE genes decreased markedly in stationary phase (OD 600 of 3.0) for all strains and did not differ between them (Fig.  1a) . This pattern of expression in DMEM is consistent with previous observations of LEE gene expression during exponential and stationary growth phases in MOPS minimal media (Bergholz et al., 2007a) .
Expression from the ler promoter, as measured by bgalactosidase activity from ler P903 -lacZ, increased in both the TW14359 and the Sakai backgrounds during exponential growth, and decreased as cultures transitioned into stationary phase (Fig. 1b) , in agreement with qRT-PCR data (Fig. 1a) . In TW14359, however, ler expression was consistently and significantly higher than in Sakai (P,0.05) during mid-exponential growth (between 2 and 3 h growth, corresponding to OD 600 of 0.3-0.6), indicating that increased transcription was occurring at the ler promoter. Examination of DNA sequence for the ler ORF in TW14359 (ECSP_4703) and in Sakai (ECs4588), as well as ler core promoters P1 and P2 and 1200 bp upstream of the translation initiation site, revealed 100 % nucleotide identity between these strains (NCBI). In addition, the stability of ler mRNA during exponential growth following treatment of cultures with Rif did not differ between strains; the ler mRNA half-life was estimated at 2.0 min for TW14359 and 2.1 min for Sakai (Fig. S2 ), in agreement with a previous estimate (Laaberki et al., 2006) . It was therefore hypothesized that the LEE expression phenotype in TW14359 is directed through increased transcription from the ler promoter by the influence of some trans-acting factor(s) during exponential growth.
Role for RcsB in the LEE expression and adherence phenotype of strain TW14359
Quantitative analysis of the relative differences in protein levels using iTRAQ-based proteomics revealed a total of 116 proteins increased or decreased in abundance by at least 1.5-fold in TW14359 relative to strain Sakai during exponential growth (OD 600 of 0.5) ( Table S2 ). In support of previous microarray studies, a number of LEE-encoded proteins were increased in both cytosolic and secreted protein fractions of TW14359 compared with Sakai, including the type III secretion system (T3SS) needle protein EscF (1.94-fold), the EspA chaperone, CesA (1.72-fold), the type II secretion system protein EtpG (2.06-fold), Ler (1.74-fold), the T3SS translocon apparatus proteins EspA (2.45-fold) and EspB (2.41-fold), the translocated intimin receptor Tir (1.56-fold), and other LEE-encoded proteins (Table S2 ). Also increased in TW14359 was the IIA subunit of Stx2 (2.11-fold) and RcsB (6.86-fold), the response regulator for a multi-component regulator of capsule synthesis (Rcs) phosphorelay system (Table S2) . Importantly, when overexpressed, RcsB has been shown to activate ler transcription and increases adherence to Caco-2 cells (Tobe et al., 2005) . It was thus of interest to determine whether the LEE expression and adherence phenotype of TW14359 was attributable to elevated levels of RcsB.
Western blots revealed that the basal level of RcsB in TW14359 was elevated~2.7-fold when compared with Sakai, congruent with iTRAQ (Fig. 2a) . In addition, expression of rcsB transcript was significantly higher in TW14359 than in Sakai (P50.001) (Fig. 2b) ; however, rcsD, which is transcribed as a dicistron with rcsB (i.e. rcsDB) from an upstream rcsD P promoter (Krin et al., 2010; Pescaretti et al., 2009) , was not altered in expression between strains (Fig. 1b) . This suggests that basal levels of rcsB are intrinsically upregulated in TW14359 in a manner that is dependent on a promoter(s) that is intracistronic to rcsD. Consistent with a role for RcsB in the LEE expression phenotype of TW14359, ler transcript levels were higher in TW14359 than in Sakai (P50.017), but did not differ between TW14359DrcsB and SakaiDrcsB (Fig. 3a) .
Complementation of TW14359DrcsB and SakaiDrcsB with rcsB did not restore differential ler expression as observed for WT strains (Fig. 3a) , supporting the hypothesis that the elevated basal expression of rcsB in TW14359 relative to Sakai is responsible for the LEE expression phenotype. The fact that ler transcript levels were higher in rcsB complement strains relative to WT (Fig. 3a) probably reflects expression from pACYC177. Although this plasmid is low-copy, rcsB transcript levels were still 20-fold higher in complement strains compared with WT (data not shown). In strain Sakai, the activation of ler by rcsB overexpression in trans requires an intact global regulator of virulence (grvA) gene, the product of which activates transcription from the LEE1 promoter (Tobe et al., 2005) . As such, this study sought to determine if in TW14359, which intrinsically overexpresses rcsB, ler activation also required grvA, or if activation was through a different pathway. Deletion of grvA reduced ler expression to the same extent as observed for TW14359DrcsB when compared with TW14359 ( Fig. 3b) (P,0.05). Moreover, deletion of grvA in TW14359DrcsB did not further significantly alter ler expression when compared with TW14359DrcsB or TW14359DgrvA. The expression of ler was, however, slightly but significantly higher in the TW14359DrcsBDgrvA backgrounds when compared with Sakai (P,0.05). Therefore, increased basal expression of rcsB in TW14359 and interaction with grvA is required for the LEE expression phenotype of this strain.
This study further ascertained the contribution of intrinsic rcsB overexpression to the TW14359 adherence phenotype using the human colonic cell line HT-29. As observed for bovine MAC-T cells (Abu-Ali et al., 2010b), adherence to HT-29 cells, as measured by microcolony formation, was significantly higher for TW14359 than for Sakai (P50.006) (Fig. 3c) . Consistent with ler expression data, adherence did not differ between Sakai and SakaiDrcsB, but was reduced in TW1359DrcsB to a level comparable to Sakai and For (a) , the asterisk denotes a significant difference between Sakai and TW14359 by Student's t-test (P50.017, n¢3). For (b) and (c), plots with different lower-case letters differ significantly by Tukey's HSD test following a significant F-test (P,0.05, n¢3). Error bars denote SD.
SakaiDrcsB. As anticipated, the adherence of T3SS-deficient TW14359DescN and SakaiDescN strains to HT-29 cells was significantly reduced when compared with WT and rcsB isogenic backgrounds (P,0.05), but not between escN isogenic strains (Fig. 3c) , indicating that the adherence phenotype of TW14359 is dependent on intrinsic rcsB upregulation, as well as a functional T3SS.
Control of rcsB by the LEE-encoded regulator GrlA, and GrlA-RcsB-dependent repression of motility In TW14359, genes associated with motility, including structural and regulatory genes for flagellar biosynthesis (flg and fli genes), and chemotaxis (cheB, tsr and tar) are reduced in expression compared with Sakai (Abe et al., 2002; Abu-Ali et al., 2010b) . In the present study, this has been observed to correspond with a 30-40 % reduction in the lateral growth of TW14359 on motility plates relative to Sakai (Fig. 4a) . Importantly, both RcsB and LEE-encoded activator GrlA are known to negatively regulate motility (Francez-Charlot et al., 2003; Iyoda et al., 2006) , and both are increased in expression in TW14359. It was therefore of interest to investigate the potential genetic interaction of rcsB and grlA, and their contribution to the regulation of motility in TW14359.
As expected, deletion of rcsB in TW14359 enhanced the lateral growth of TW14359 on motility plates by 30-40 % ( Fig. 4a , Table S3 ), suggesting that the motility deficiency of TW14359 when compared with Sakai is connected to intrinsic rcsB overexpression. Also, the inactivation of grlR (strain TW14359grlR : : kan) leading to grlA overexpression ( Fig. S4 ) (Iyoda et al., 2006) substantially impaired lateral growth on motility plates (Fig. 4a) . Most importantly, deletion of rcsB in the TW14359grlR : : kan background restored lateral growth on motility plates to the level observed for TW14359DrcsB, revealing that the control of motility by grlA is epistatic to rcsB. Negative regulation of motility by RcsB has been shown to result from direct transcriptional repression of the global regulator of motility genes flhDC (Francez-Charlot et al., 2003) . Consistent with this, expression from the flhD P promoter, as measured by b-galactosidase activity from flhD P1000 -lacZ, was significantly increased in TW14359DrcsB, but decreased in TW14359grlR : : kan when compared with WT (P,0.05) (Fig. 4b) . flhD P promoter expression did not differ, however, between TW14359grlR : : kanDrcsB and TW14359DrcsB, indicating that RcsB-dependent repression of flhDC and motility is positively regulated by GrlA. In further support of this, levels of RcsB were increased (~2.4-fold) in TW14359grlR : : kan and in a grlA overexpression strain compared with WT (Fig. 4c) . Interestingly, however, expression from rcsD P or rcsB P promoters was not altered in TW14359grlR : : kan (Fig. 4d) , indicating that control of RcsB by GrlA is at the post-transcriptional level; increased expression from the ler P promoter was included as a positive control for grlA overexpression. Collectively, these experiments reveal a reciprocating regulatory mechanism in which RcsB and LEE-encoded GrlA co-ordinate LEE activation with repression of flhDC and motility.
Role for Rcs phosphorelay and grvA in bicarbonate-dependent activation of the LEE In the preceding experiments the addition of bicarbonate to TW14359 cultures growing in LB, and added as a positive control for LEE stimulation (Abe et al., 2002) , was also observed to increase RcsB levels~5.4-fold (Fig. 4c) . The bicarbonate ion (HCO 3 2 ) has been shown to activate LEE expression and adherence in a dose-dependent manner in EHEC (Abe et al., 2002) . This has been reported to be through increased transcription from the grlRA promoter in C. rodentium (Tauschek et al., 2010) , although the mechanism by which bicarbonate stimulates LEE expression in EHEC is unknown. In this study, the increase in RcsB levels with bicarbonate was higher than that observed for grlA overexpression strains (Fig. 4c) , suggesting that this added bicarbonate stimulation of RcsB was, at least in part, independent of grlA. It was therefore predicted that the Rcs phosphorelay system was in some way involved in bicarbonate-directed activation of LEE expression. In agreement with the dose dependence of bicarbonate for LEE stimulation, the addition of bicarbonate up to 44 mM (a physiologically relevant molarity) (Feldman, 1983) to LB was observed to increase RcsB levels incrementally (Fig. 5a ). Also, rcsB was shown to be required for full activation of LEE expression in response to bicarbonate, as the levels of Tir protein were increased substantially in TW14359 grown with bicarbonate, but only marginally increased in the TW14359DrcsB background (Fig. 5a ). In addition, growth with bicarbonate increased ler transcript levels 5-fold in the WT (P50.001) compared with only 1.24-fold in TW14359DrcsB (Fig. 5b) . Bicarbonate stimulation of ler was restored in complement strain TW14359DrcsB prcsB.
Expression from both rcsD P and rcsB P promoters was significantly increased in the presence of bicarbonate (P,0.05) (Fig. 5c) , revealing that bicarbonate is stimulating transcription of rcsDB from the rcsD P promoter, as well as rcsB alone from at least one of two mapped promoters intracistronic to rcsD. Expression from the ler P promoter was, as expected, increased with bicarbonate addition for TW14359 (P,0.05), but not for TW14359DrcsB (Fig. 5d) . In addition, deletion of the Rcs phosphorelay sensor kinase rcsC significantly reduced bicarbonate stimulation of ler P promoter activity compared with WT (P,0.05). And consistent with an RcsB-GrvA-dependent pathway of LEE activation, ler P promoter expression with bicarbonate addition was reduced in TW14359DgrvA and TW14359DrcsBDgrvA when compared with WT (P,0.05), but not compared with TW14359DrcsB or TW14359DrcsC (Fig. 5d) . Collectively, this reveals that bicarbonate-dependent stimulation of LEE expression in EHEC is at least partly dependent on components of the Rcs phosphorelay system, and on the RcsB-GrvA pathway of LEE activation.
DISCUSSION
It is predicted that rcsB, encoding the response regulator of the Rcs system, is intrinsically upregulated in TW14359, and that this is responsible for the enhanced LEE expression and adherence phenotype of this strain. It is not yet clear why rcsB is upregulated in TW14359. The rcsB gene is co-transcribed as the second gene of a dicistron with rcsD (Krin et al., 2010 ) and yet rcsD transcript levels by qRT-PCR (Fig. 3) and protein levels by iTRAQ proteomics did not differ in TW14359 when compared with Sakai. This is consistent with the observation that rcsB overexpression can upregulate the LEE independent of rcsD (Tobe et al., 2005) . Alternatively, rcsB can be expressed as a monocistron from at least two promoters which are intracistronic to rcsD (i.e. rcsB P1 and rcsB P2 ) (Krin et al., 2010) , but upstream of the priming sites used for qRT-PCR in this study. As there are no differences in the sequence of these promoters between TW14359 and Sakai, it is predicted that intrinsic upregulation of rcsB is therefore dependent on some trans-factor(s) acting on the rcsB P1 and/or rcsB P2 promoters. Unfortunately, how these promoters are expressed and regulated is unknown, and needs to be examined further. A genetic polymorphism unique to strain TW14359 was initially hypothesized in this study to be important for the rcsB expression phenotype of this strain. Kulasekara et al. (2009) had described a 90 bp insertion in the ORF of tolA, the product of which is an inner membrane component of the Tol-Pal envelope complex involved in maintaining cell envelope integrity (Bernadac et al., 1998; Cascales et al., 2000) . Importantly, mutations in tolA have been reported to substantially upregulate rcsB (Clavel et al., 1996) . Indeed, rcsB expression in strains TW14359tolA : : kan and SakaitolA : : kan was increased compared with their WT counterparts (Fig. S3) . However, the level of rcsB transcript was still proportionately increased in TW14359tolA : : kan relative to SakaitolA : : kan (P50.016), suggesting that the tolA polymorphism is not responsible for increased basal expression of rcsB in TW14359.
The results also indicated that deletion of rcsB had no effect on ler expression or HT-29 adherence in strain Sakai. This latter finding is inconsistent with a study demonstrating that both the overexpression and deletion of rcsB in Sakai can lead to increased LEE expression and adherence through independent regulatory pathways: RcsB was predicted to upregulate the LEE through activation of grvA, and downregulate LEE expression through repression of pchA, a positive regulator of the LEE (Tobe et al., 2005) . The reason for this disparity in results is not yet known. However, the direction and magnitude at which RcsB regulates LEE expression are likely to be sensitive to differences in growth phase, nutrient availability as well as signals which activate Rcs phosphorelay. In this study, the influence of RcsB on ler expression was only examined in mid-exponential cultures (OD 600 of 0.5) and may differ substantially with even a subtle change in the phase of growth or experimental condition. For example, in Tobe et al. (2005) Caco-2 cells were used for adherence studies, whereas this study utilized HT-29 cells. " (+). For (b) and (c), the asterisks denote a significant difference between treatments by Student's t-test (*P,0.05, **P,0.01, n¢3). For (d), plots with different lower-case letters differ significantly by Tukey's HSD test following a significant F-test (P,0.05, n¢3). Error bars denote SD.
The RcsB-dependent LEE expression phenotype of strain TW14359 was further shown to require an intact global regulator of virulence grvA gene. The mechanism by which RcsB controls grvA, and how RcsB-GrvA regulate ler, is unknown. Tobe et al. (2005) observed increased expression of grvA in response to rcsB overexpression and described RcsB boxes in the predicted grvA promoter region with some homology to the RcsB consensus (Wehland & Bernhard, 2000) , suggesting direct regulation of grvA transcription. Alternatively, RcsB may interact with GrvA to directly activate the expression of ler and other genes. There is precedent for this, as RcsB has been shown to regulate transcription as a heterodimer with RcsA (Francez-Charlot et al., 2003; Stout et al., 1991) , GadE (Castanié-Cornet et al., 2010) and BglJ (Venkatesh et al., 2010) . If RcsB-GrvA activate ler transcription as a heterodimer, they probably bind upstream of the core promoter region (i.e. upstream of 235) as is typical for RcsB promoter activation (Boulanger et al., 2005; Castanié-Cornet et al., 2010; Sturny et al., 2003; Venkatesh et al., 2010) . However, there is no RcsB binding site upstream of and including the ler P1 and P2 promoters.
The results of this study suggest that RcsB is involved in the inverse regulation of genes that control motility (i.e. flhDC) and those for intimate colonization (i.e. the LEE) in EHEC. This opposing relationship between colonization and motility may be important for the establishment of E. coli in the gut. For example, constitutive expression of the FlhDC regulon in EHEC markedly reduced adherence to HeLa cells (Iyoda et al., 2006) , whereas deletion of flhDC and lack of motility in K12 increased colonization in a murine model (Gauger et al., 2007; Leatham et al., 2005) . Note, however, that FlhDC also controls the expression of genes which serve no direct role in motility but which could contribute in some way to colonization. In EHEC, the LEE-encoded activator GrlA indirectly downregulates transcription of flhDC leading to reduced motility (Iyoda et al., 2006) . This study has revealed that mutation of rcsB masks the negative regulatory effect of GrlA on motility and flhDC transcription, and that the overexpression of grlA increases RcsB levels. This suggests that RcsB and GrvA are members of a reciprocating regulatory mechanism in EHEC which, at a minimum, co-ordinates the upregulation of LEE genes with a downregulation of the flhDC flagellar regulon. Activation of RcsB by GrlA appears to be at the post-transcriptional level, as increased protein levels did not correspond with increased transcription from promoters driving expression of rcsDB or rcsB.
In EHEC, bicarbonate has been shown to stimulate LEE transcription through ler, and to increase adherence to Caco-2 cells in a pH-independent manner (Abe et al., 2002) . It has been hypothesized that bicarbonate produced naturally in the small bowel to neutralize gastric acid may serve as a biological cue for T3SS-dependent colonization (Abe et al., , 2002 . In C. rodentium bicarbonate interacts with the AraC-type regulator RegA to directly upregulate grlA expression (Tauschek et al., 2010) . In EHEC and EPEC, however, there are no homologues of RegA, and the genetic determinant(s) which regulates bicarbonate-dependent induction of the LEE in these pathogens is unknown. This study has shown that Rcs phosphorelay components RcsB and RcsC and the global regulator of virulence GrvA are required for full stimulation of the LEE in response to bicarbonate in EHEC. Despite the interplay of GrlA and RcsB in the control of flhDC and motility, there is no evidence that grlA is important for bicarbonate-dependent LEE expression through this pathway. For instance, overexpression of grlA did not increase rcsB transcription, whereas bicarbonate addition did enhance rcsB transcription (Figs 4d and  5c) . Furthermore, the level of RcsB induction was markedly higher in WT cells grown with bicarbonate than in strains which overexpress grlA alone (Fig. 4c) . Therefore, in EHEC it is predicted that bicarbonate stimulates LEE expression through an RcsB-GrvA-Ler activation pathway.
To conclude, the LEE expression phenotype of TW14359 is hypothesized to result from intrinsically increased basal levels of the response regulator RcsB, activating LEE expression through a GrvA-Ler pathway. In addition, increased adherence of strain TW14359 to intestinal cells was shown to be dependent on elevated rcsB expression and a functional T3SS. Whether this dysregulated pathway is responsible for the severe disease attributed to infections with this strain is not yet clear. Furthermore, the LEEencoded activator GrlA was determined to require rcsB for repression of the flhDC flagellar regulon, suggesting that GrlA and RcsB work together to co-ordinate the activation of genes for colonization with the repression of genes for motility. Finally, bicarbonate was proposed to be a physiological signal for an Rcs phosphorelay-and GrvAdirected pathway activating LEE expression and colonization in EHEC.
